Hybrid structures are needed to fully exploit the great advantages of Si photonics and severalt approaches have been addressed where Si devices are bonded to different materials and nanostructures. Here we study the use of semiconductor carbon nanotubes for emission in the 1300 nm wavelength range to functionalize Si photonic structures in view of optoelectronic applications. The Si microrings are fully characterized by near field forward resonant scattering with 100 nm resolution. We show that both TE and TM modes can be addressed on the top of the microrings in a vectorial imaging of the in-plane polarization components. We coupled the Si microresonators with selected carbon nanotubes for high photoluminescence emission. Coupling nanotubes with the evanescent tails in air of the electric field localized in the photonic modes of the microresonators is demonstrated by sharp resonances overimposed to the nanotube emission bands. By mapping the Si and the nanotube emission we demonstrate that strong enhancement of the nanotube photoluminescence can be achieved both in the photonic modes of microdisks and slot microrings, whenever the spatial overlap between nanoemitters and photonic modes is fulfilled.
INTRODUCTION
Silicon photonics has emerged as a very promising technology platform that enables the implementation of ultracompact, high-performance devices, which are the basis of integrated photonic circuits [1] . Furthermore, due to its compatibility with the CMOS processes, silicon photonics has the unique potential to deliver devices that can cointegrate electronic, opto-electronic and photonic functionalities within a single chip. This ensures a potential very large volume production at a competitive cost. However, silicon presents some fundamental deficiencies as a material for light emission or detection. Being an indirect gap semiconductor with indirect absorption edge at 1.1 µm at room temperature, it results in non-efficient light emission or detection in the telecommunication wavelength range (1.3 µm-1.5 µm). Hence, silicon photonics needs to be complemented with other materials for the realization of optically-active devices. For this purpose, carbon nanotubes (CNTs) have recently been proposed as an attractive one-dimensional light emitting material [2] . Interestingly, semiconducting single walled CNTs (SWNTs) exhibit room-temperature photo-and electroluminescence in the near-IR that could be exploited for the implementation of integrated nano-sources [3] . They can also be considered for the realization of photo-detectors and optical modulators, since they rely on intrinsically fast non-linear effects, such as Stark and Kerr effect [4, 5] . All these properties make SWNTs ideal candidates in order to fabricate a large variety of optoelectronic devices, including near-IR sources, modulators and photodetectors on Si photonic platforms [6, 7, 8] . In this work, we study the interaction of Si photonic resonators with SWNTs. In particular, first we investigate the photonic properties of Si microring resonators by exploiting resonant scattering near field optics that allows us to address the photonic mode nature in the 1300 nm wavelength region [9] . Then ity assessmen maps [9] . al r s f n at -at a n g d e (Sigma-Aldrich). The role of polyfluorene polymers on the selective dispersion of SWNTs has been elucidated recently in Ref. [13] and the details of the purification protocol can be found in Ref. [14] . This process gives a high purity solution of SWNTs with (8, 6 ) and (8,7) chiralities, which are known to provide room-temperature light emission in the telecom O Band [14, 15] (1260 to 1360 nm)
Our experimental setup for micro-PL measurements consists in a home-made confocal microscope equipped with a Mitutoyo 100x objective, specific for near IR light collection. The excitation was provided by a Ti:Sapphire laser at 735 nm, which lies in the middle of the S 22 transition band for the (8, 6 ) and (8,7) SWNT chiralities. The emitted PL was dispersed by an Acton SpectraPro 2300 Spectrometer and then detected by an Princeton Instruments OMA V InGaAs array (Fig 2b) . The sample holder was mounted on a x-y positioning stage, allowing the acquisition of hyperspectral PL maps. All the measurements here shown were acquired at room temperature.
Typical emission spectra of the HiPco SWNTs in solution is reported in Fig.5a . As expected the emission lies in the telecommunication O band, covering a range from 1000 nm to 1400 nm. The different observed chiralities, reported in the figure, were identified by their emission and absorption (not reported here) spectra. Drop casting on quartz substrates was used for analyzing the properties of dried SWNTs. Here we observe quite inhomogeneous distribution of the PL spectra both for the intensity and for the spectral lineshapes. Examples of PL spectra on different points are reported in Fig.5b . The interaction with the substrates produces a red shift and also a broadening of the PL bands, but it does not quench the emission. In order to visualize the SWNT spatial distribution we performed a large microPL map (1.8 mm x 3.8 mm) at steps of 10 μm, reported in Fig. 5c : the color scale represents the intensity of the PL spectra integrated on the emission bands of the (8,6) chirality. Note that the map has 36800 points and we recorded a 512 pixel PL spectrum for each points, the total duration of the measurements was 18 hours denoting the high stability of the microPL setup. We observe very bright emissions along the droplet border due to preferential accumulation of nanotubes in this region (coffee ring effect [16] ). A much lower SWNT density is found in the inner part of the droplet, where isolated bright spots are present within large dark areas. We further note that PL intensity in the border region is uniform and dark regions are not observed, showing the negligible presence of metallic CNTs. The presence of coffee ring effects and also the thickness of the deposition (larger than 1 μm) are very detrimental for using drop casting for coupling the SWNT with the evanescent field of Si photonic resonators. In order to get thin and more homogeneous deposition, we deposited the CNT solution on the Si microrings by spin coating at 1000 rpm for 60 s, finishing by thermal annealing of 15 min at 180 °C. This process was then repeated four times to increase the concentration of carbon nanotubes over the sample.
EMISSION ENHANCEMENT OF SWNTS IN SLOT MICRO-RING RESONATORS
The photonic structures used in our experiment are both the microring and the slot-ring resonator. Data on strip microrings have been already reported elsewhere [17] . Here we focused on slot microrings, where the presence of large electric field in the air gap is expected to evanescent coupling with the SWNTs.In order to characterize the slot-rings with micro-PL we exploit the emission at around 1150 nm coming from impurities in Si both from the substrate and the microring in a region where no CNTs are found (Figs. 6a and 6b) . In this spectral region HiPco SWNTs can emit but with low probability, due to the feeble density of this chirality. Figure 6 . a,b) Typical PL spectra of different region of sample. Here we show the characteristic spectrum emitted from the Si substrate outside the resonator (a) and the Si spectrum taken on the slot-ring (b) that shows the typical modes of the photonic structure, more in detail in the inset. The light blue area shows the impurity emission band; the red area in the inset shows the internal microdisk mode. c) Spatial map of the enhanced Si PL at 1150 nm. Map size 9 μm x 10 μm; pump wavelength is 735 nm; spatial resolution of the order of 1 μm. The dashed lines are guide for the eyes for the position of the internal microdisk and the slot-ring. Fig. 6a refers to a region outside the slot-ring and it does not show any sharp features. On the contrary Fig. 6b corresponds to a detection on the Si slot-ring and it shows the photonic modes of the structure (clearly seen in the inset of Fig. 6b . However, the visibility of the photonic peaks is quite small, due to the large contribution from the PL substrates. We then use our spectral imaging of the PL for extracting the spatial distribution of the photonic modes. We measured the PL spectra spatially scanning a region of 9 μm x 10 μm at step of 200 nm. In each point of the map we performed a multi peaks Lorentzian fit centered at the photonic resonances and extracted the spatial distribution of their amplitudes. The spatial map of these amplitudes is reported in Fig. 6c . The mode contributions are localized in two thin rings: an external one of 5 μm radius and an internal one of 2 μm radius, which correspond to the slot-ring and to the internal disk. From the optical image of the samples we can derive the position of the Si slot-ring and of the Si microdisk, which are reported as white dashed line in the map in Fig. 6c . Actually most of the peaks are related to the slot ring and quite few to the whispering gallery modes of the microdisk. In the inset of Fig. 6b the mode associated to the microdisk is highlighted in red. Several samples with spin coating SWNT deposition have been realized, each of them showing a strong dependence of the spectrum intensity and shape from the detection spot on the sample. This results comes from the SWNT nature itself, in fact each chirality presents a well defined emission wavelength band thus different concentration of specific chiralities in various points of the sample produce significant changes in the emission spectra depending on the spot on the sample (see Figure 5b) . In points where SWNT are present their emission dominates the PL spectrum over the impurity band in Si material, denoting the high efficiency of the HiPco SWNTs. Moving the excitation/detection spot on the sample we also found regions where the SWNT emission shows sharp structures, likely due to their coupling with the photonic modes, a typical example is reported in Fig. 7a . The pump wavelength was 735 nm in order to enhance the (8, 6 ) and (8,7) SWNT emissions and the spatial resolution was of the order of 1 μm. The spectra shows three main bands, likely all due to SWNT PL; however the region around 1150 nm also corresponds to the impurities emission from Si and it is highlighted by light blue. The other two bands at 1220 nm and 1280 nm (highlighted in orange) are doubtless originated from SWNTs PL and we concentrated our analysis on them.
The spatial distribution of the SWNT emission over the two chiralities is reported in Fig. 7b where we also indicate the position of the slot-ring and microdisk with white dashed circles; large overlap region was found between the deposited SWNTs and the slot-ring. As a result, strong enhancement of the SWNT emission is found in the overlap region with a dense combs of sharp resonances superimposed to the SWNT band. The free spectral range is not very well defined, denoting that several families of modes are contributing to the emission (on average we count four modes each 10 nm, see the inset of Fig.7b) . Note that the free spectral range of the TE modes should be in the range of (10 nm), therefore both TE and TM families are contributing in our sample.
In order to map the coupling of the SWNTs with the photonic modes, we spatially scanned a region of 9 μm x 10 μm at step of 200 nm and, as before, we performed a Lorentzian fit centered at the photonic resonances over the SWNT 
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